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[57] ABSTRACT 

Optical temperature sensors nse a temperature -dependent 
relative distribution of the intensity of interrogating light of 
wavelengths between two light-guiding regions of a 
light-guiding probe. The relative distribution can be deter- 
mined by a plurality of means including the spatial separa- 
tion of the lights carried by the two light-guiding regions, 
and/or the conversion of one of the lights into light of 
wavelengths X2 different and easily separable from light of 
wavelength X^. The sensors can be adapted to measure 
infrared radiation by measuring its heating effect on the 
"sensing probes and to convert a thermal infrared image into 
a visible image. 

12 Claims, 8 Drawing Sheets 
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OPTICAL SYSTEMS FOR SENSING 
TEMPERATURE AND THERMAL INFRARED 
RADIATION 

CROSS-REFERENCE TO RELATED 
APPUCATIONS 

This is a division of application Ser. No. 08/182^97 filed 
Jan. 14, 1994, now U.S. Pat. No. 5,560,712, which in turn is 
a continuation-in-part (CIP) of application Ser. No. 07/654, 
809 filed Feb. 13, 1991, now U.S. Pat. No. 5,302,025, which 
in turn is a division of application Ser. No. 711,062 filed 
Mar. 12, 1985, now U.S. Pat. No. 5,004,913, which in turn 
is a CIP of application Ser. No. 608,932 filed May 14, 1984, 
now U.S. Pat. No. 4,708,494, which in turn is a continuation 
of application Ser. No. 405,732 filed Aug. 6, 1982, now 
abandoned. The subject matter of sections 3.0 to 3.2 is 
covered in application Ser. No. 08/305,252, now U.S. Pat. 
No. 5,499,313 and was also covered in application Ser. No. 
815,741 filed Jan. 2, 1992, now U.S. Pat. No. 5,363,463, the 
teachings of which are incorporated herein by reference. 

BACKGROUND OF THE INVENTION AND 
DESCRIPTION OF THE PRIOR ART 

The present invention relates to improved methods and 
devices for sensing temperature changes and changes in the 
magnitude of any other physical field which can produce a 
temperature change, including but not limited to infrared 
radiation, especially radiation of wavelengths longer than 
about 2.0 micrometers (wm), referred to hereinafter as "ther- 
mal infrared radiation". 

Prior art methods and devices for measuring temperature 
include- the -use of probes made of .materials having 
temperature-dependent photo- luminescence properties. One 
of the earliest systems was described in U.S. Pat. No. 
2,551,650 of Urbach, and used a photo-luminescent material 
the luminescence intensity of which was quenched appre- 
ciably with an increase of temperature. Luminescence 
quenching is usually associated with a decrease of the 
luminescence decay time of the material following excita- 
tion of its luminescence by pulsed or oscillatory light of 
wavelengths within an electronic absorption band charac- 
teristic of the material. Since the measurement of a lumi- 
nescence decay time is usually more accurate and reliable 
than the measurement of a luminescence intensity 
(especially in the absence of intensity referencing), some 
recent temperature measurement techniques using photo - 
luminescent probes have used the temperature-dependent 
luminescence decay time as temperature indicator. These 
decay time techniques were used in a plurality of fiber optic 
temperature measuring techniques, including among others 
those described in U.S. Pat. Nos. 4,223,226 and 4,245,507 
and in a publication by J. S. McCormack {Electronics 
Letters 17, 630 [1981]). These prior art-techniques have, 
however, a serious disadvantage: As temperature increases, 
the signal strength and, hence, the measurement accuracy, 
decrease. This Umits severely the temperature range of 
operation of probes which have a temperature coefiBcient of 
decay time of the order of one percent or better, so a wide 
temperature range can be achieved only with probes having 
a significantly lower temperature coefficient of decay time 
and, hence, a significantly lower sensitivity and accuracy. 
Other prior art techniques for the optical measurement of 
temperature include the measurement of the temperature - 
dependent changes of the spectral distribution of the lumi- 
nescence of some phosphors, as described in U.S. Pat. Nos. 
3,639,765 and 4,061,578, among others. 
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None of the above techniques are suitable for measuring 
small temperature changes of the order of 10"^ kelvins (K) 
or smaller, as such measurements would require the capa- 
bility of measuring minute changes of light intensity with an 

5 accuracy better than one part in 10,000. 

The sensing of infrared radiation is most commonly 
carried out by electrical sensors. Two main kinds of sensors 
are: (a) quantum detectors, and (b) thermal detectors. The 
quantum detectors operate by converting a nimiber N of 

10 infrared photons incident on the active surface of the detec- 
tor into a number qN of free charges (electrons or "holes"), 
where q is the quantum efficiency of the detector. By 
contrast, the thermal detectors are essentially electrical tem- 
perature sensors which respond to the temperature rise of the 

IS acdve surface of the detector caused by the absorption of the 
infrared radiation. 

There are also infrared sensors which arc entirely optical. 
They are far less common than the electrical sensors, and are 
used in specialized applications. They also comprise quan- 
turn detectors and thermal detectors. The quanmm detectors 
typically require a two-step excitation process, wherein a 
relatively high energy optical "pump" beam excites the 
molecules or atoms of the detector to an intermediate excited 
level. Then the infrared photons to be detected further excite 
these molecules or atoms to a higher energy level, from 
which they decay to the ground level by emission of visible 
radiation. The intensity of the emitted visible radiation is 
then an indicator of the intensity of the infrared radiation. 

The optical thermal detectors include, for example, the 
rare earth-doped luminescent materials subject of U.S. Pat. 
Nos. 3,639,765 and 4,061,578. These infrared detectors of 
low thermal mass which are activated by ultraviolet or short 
wavelength visible radiation and emit luminescence light, 

2 J the spectral distribution of which is a sensitive function of 
temperature. The infrared radiation is detected by the tem- 
perature increase caused by the absorbed infrared radiation, 
and its modulation of the sensor luminescence. 

OBJECTS OF THE INVENTION 

40 

It is an object of this invention to provide methods and 
devices for sensing temperature, based on new ways of using 
the temperature- dependence of the transmission of light in 
certain light guides. 

It is another object of this invention to provide a new 
technique whereby said temperature dependence of the 
index of refraction of the component of a light guide can be 
used for measuring minute temperature changes, suitable for 
measuring changes of the order of 10"^ kelvins or smaller. 

StUl another object of the present invention is to use the 
temperature-sensing systems disclosed herein for sensing 
infrared radiation through the temperature changes gener- 
ated by the absorption of this radiation, and for converting 
an infrared image into a visible image. 

Other objects of the present invention will in part be 
apparent from the following discussion and will in part 
appear hereinafter. 

SUMMARY OF THE INVENTION 

60 

The objects of this invention are accomplished by the use 
of film light guides including a first light-guiding region 
comprised of a first material having an index of refraction n^ 
into which is injected an interrogating light of pre -selected 
65 visible or near infrared wavelengths. This light-guiding 
region is in contact with a second region comprised of a 
second material having an index of refraction tx^ lower than 
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n J. A temperature change causes changes in the transmission FIG. 2 illustrates an optical fiber having two polymeric 

properties of said interrogating light. claddings, used as a temperature probe according to this 

In one embodiment the indices of refraction n^ and invention, 

have substantiaUy different temperature coefficients in such piG. 3 illustrates an optical fiber probe for measuring 
a manner that an increase in temperature causes a 5 distributed temperatures according to the invention, 

temperature-dependent fraction of the ^^^^^ P,^ ^ .^^^^^^^^ ^ ^^^^ ^^^^^ distributed 

rogatmg light prop agatmg along the light guide to be ejected , , j. . ■ 

from it. In another embodiment the firtTliihl guiding iegioo temperatures according to the invenUon. 

has a photoluminescent material dissolved therein which ^1^. 5 shows a differential fiber optic thermometer 

absorbs a temperature-dependent fraction of the intensity of according to this invention, 

the interrogating light, causing the emission of luminescence FIG. 6 illustrates an arrangement for sensing infrared 

light having an intensity which varies in a known manner radiation according to the invention, 

with temperature. piG. 7 shows an arrangement for converting a thermal 

DEFINITIONS infrared image into a visible image according to the inven- 

Within the context of this application, I am using the 35 

following definitions: P^G. 8 is a simplified molecular energy diagram illustrat- 

Light: optical radiation, whether or not visible to the human ing a temperature -dependent optical absorption process and 

eye. luminescence conversion of the absorbed light in most 

Occupancy number of an energy level: the fraction of the luminescent materials. 

total number of molecules of a probe material occupying 20 FIG. 9 shows the temperature dependence of the fluores- 

said energy level. cence intensity of a fluorescent material operated according 

Vibronic material: any luminescent material whose molecu- the principles illustrated in FIG. 1. 

lar electronic groimd energy level comprises a plurality of 

vibrational sublevels with energies higher that of the DETAILED DESCRIPTION OF THE 

lowest occupied level of the material, said vibrational INVENTION 
sublevels being so distributed as to cover an essentially 

continuous wide band of energies. 1-0 New Fiber Optic Sensors Based on Core/ 

Vibronic level: a vibrational sublevel of the electronic Cladding Light Redistribution. 

ground level of a vibronic material, having an occupancy piQ. 1 illustrates an embodiment of a new system, based 

number which increases with increasing temperature. ^jie present invention, for measuring the ratio of the 

Luminescence: I^ght emitted by a matenal upon absorption ^^^^ ^^^^^ ^^^^ ^^^^^ ^^^^ 

of light or other radiation of sufficient quantum energy. ^^^^ ^^^^ ^ ^ ^ 

The term includes both fluorescence and phosphores- 1 1 u • 1 1 • j r 

^ ^ optical fiber 1 having a clear core 2 with an index of 

PhSohirainescence: Luminescence generated by the absorp- '^^^f ^ =l="^'^g 3,havmg an index of refraction 

tion of lieht 35 "2 lower than n^, a second cladding 4 with an index of 

Luminescence centers: atoms or molecules (including ions) refraction n3 not lower than n, and having dissolved therein 

of a luminescent material which absorb excitation light ^ photoluminescent solute which wiU absorb at least part of 

and emit luminescence light. fraction of the intensity of the interrogating light beam 

Luminescence quantum efficiency (() (also referred to as injected into the core which is coupled to the cladding under 
luminescence efficiency): the ratio of the number of 40 the action of a physical variable, and an outer cladding 5 

luminescence photons emitted by a luminescent material with an index of refraction n4 lower than n2. The system 

to the number of photons of the excitation light absorbed works as follows: 

by the material. x Jight source 6 launches (injects) an interrogating light 

Luminescence decay time x: the time after the cessation of beam of wavelengths X, into the fiber core 2. The variable 

the excitation radiation in which the intensity of the physical field (variable) F being sensed causes a change in 

luminescence decays from I, to I^e, where e is equal to magnitude of the fraction of the intensity of the inter- 

2.71828 and I is the lummescence intensity at any rogating light injected into the core 2 which is deflected into 

reference time chosen as zero time. ^^^^^ 4 ^^^^^^ ^^^^^ 3 ^^^^^ ^ 

Luminescence time rate of decay: the inverse of lummes- . , *u 1 • i- i.* c 1 *u % 

deca time intensity 01 the lummescence light or wavelengths gen- 

PhJ'skTl vlriable^any physical property whose magnitude erated at the cladding 4. Both the undeflected interrogaUng 

can change. Examples: temperature, pressure, flow rate, ^g^t and a fracUon of the intensity of the luminescence light 

position, liquid level, and the Uke. are directed to the photodetecUon station 7 where the two 

Physical parameter: physical variable. ^^g^ts are measured by techniques known m the art. The 

Interrogating Hght: illuminating light injected into an optical ^^^^^^^ intensities of these two lights are an indicator of the 
probe for the physical variable. ^5 magnitude of the physical vanable actmg on the fiber. 

ExcitaUon light: illuminating light which can generate lumi- Cladding 4 can be a glass doped with an inorganic 

ncsccnce in a luminescent material. photoluminescent ionic species or an organic polymer doped 

Light beam: light being propagated through an optical with a fluorescent dye. Examples of inorganic photolumi- 

system, including optical fibers, regardless of degree of ^P^^^^ trivalent chromium and trivalent rare 

divergence. earth ions selected from the group comprising neodymium, 

Thermal infrared radiation: infrared radiation having wave- ytterbium, erbium, samarium, holmium, thulium and 

lengths longer than 2.0 micrometers. europium. There is a very large number of fluorescent dyes 

which can be dissolved in the organic polymer constituting 

BRIEF DESCRIPTION OF THE DRAWINGS ^-i^dding 4. Dyes which can be exdted with avaflable 
FIG. 1 illustrates an optical fiber including a luminescent 65 light-emitting diodes (LEDs) or laser diodes (LDs) include, 

cladding, suitable for sensing changes in the magnitude of a for example, those of the bis-benzan throne family of dyes, 

physical parameter according to this invention. for example Vat Green 1. 
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1.1 A Simple Fiber Optic Thermometer. of the interrogating light pulses between regions 12 and 14 

. ^ . , will be determined by the relative magnitudes of (NA),^ and 

Anembodimenlof a thermometer according to this mven- /MA'i ^ 

tion is illustrated in FIG. 2, It uses as a probe an optical fiber . . ^ . . , ^ . . , 

10includingaglasscorel2havinganindexofrefractionn„ , ^ the mtensity of the light pulses Rayleigh- 

and two concentric plastic claddings. The fii^t cladding 14 ' backscattered from core 10 at any resolvable segment of the 

immediately surrounding the core has an index of refraction ^""''^^ "^^""^'^ attenuation of the fiber 

n, lower than n,. The second cladding 16 around the first ^^'^ l^^g^> ^ ^ °f temperature 

cladding has an index of refraction n3 lower than n2. The segment. 

temperature coefficients of ^3 approximately 1° contrast to prior art methods of temperature measure- 
equal, and substantially greater than the temperature coef- ment based on a temperature-dependent index of refraction, 
ficient of d^. Cladding 16 is covered by a black or otherwise crosstalk between different sensing points is minimized by 
light-absorbing coating 18. The numerical apertures (NA)i virtue of the fact that hght rays deflected out of core 12 by 
and (NA)2 of core 12 and cladding 14, respectively, are a temperature change are not 'thrown away' as in the prior 
given by the relations ^rt, but are captured and returned to the region comprising 

core 12 and first cladding 14, thus restoring a temperature- 

(AW)i=C«i'-«2^^ (1) dependent light disu-ibution at every resolvable segment of 

the fiber. 

Since the cladding faces of the fiber at the launch end are 

(^W)2=(«2^-«3^^ (2) 20 (o^ otherwise made opaque), and the diameter of 

cladding 14 can be made much larger than that of core 12, 

Since the value of n2 decreases with increasing tempera- the intensity of the Rayleigh-backscattered light collected at 
ture at a much higher rate than the change of the value of n^, the core launch end from any resolvable segment of the fiber 
the value of (NA)^ increases substantially with increasing will be proportional to the intensity of the interrogating light 
temperature. In most inorganic glasses, including silica, the propagating within the core along that segment, determined 
value of ni changes so litUe with increasing temperature by the magnitude of (NA)i and, hence, by the temperature- 
compared to index changes of plastics, that it may be dependent value of n2. Any contribution from cladding 14 to 
regarded as essentially constant for the purposes of this the collected Rayleigh-backscattered light can be further 
description. Thus, the value of (NA)^ is regarded as essen- minimized by using a small collection angle (j> consistent 
tiaUy invariant signal intensity needed. 

In operation, the fiber is bent at its sensing point, to fill the The sensitivity and performance of the distributed tem- 
numerical aperture of both core 12 and cladding 14 when perature sensor depends on the materials used for the plastic 
interrogating light is launched into the fiber by the light cladding 14. For example, if the values of (NA)i and n^ are 
source 20. The distribution of the intensity of the interro- about 0.15 and 1.450, respectively, at the ambient tempera- 
gating light between the core 12 and the cladding 14 will be ture of 300K, and the temperature coefiScient of n2 is about 
determined uniquely by the fiber temperature at the bend. 2x10""* per kelvin at this temperature, then a temperature 
Since (NA)2 is substantially independent of temperature, the change of 1 kelvin will produce a change in the intensity of 
total light intensity arriving at the fiber distal end will not the light Rayleigh-backscattered from core 12 of appro xi- 
vary significantly with temperature, but the fraction of this matcly 2.5 percent, a relatively large change compared to 
intensity propagating along the cladding at the fiber distal prior art fiber optic temperature sensing systems, 
end will be a unique function of the temperature difference ^ variation of the above technique, the second cladding 
between the fiber distal end and its sensingpoint. Thus, if the ^as dissolved therein a fluorescent dye at a concentration 
temperature of the fiber distal end is controUed or just small enough not to alter significantly the temperature- 
known, the probe temperature can be easfly determined by dependent distribution of the interrogating hght modes 
measuring the intensity of the cladding light by photodetec- between the core 12 and the first cladding 14, but sufacient 
tor 22 located at the fiber distal end. The core light is filtered to generate fluorescence light pulses at the evanescent region 
out by miniature optical filter 24. of an intensity comparable to that of the Rayleigh- 
^ ^. ^ . backscattered pulses from cladding 14. The intensity of the 
1.2 A Distributed Temperature Sensor Using a fluorescence light pulses is then indicative of the intensity of 
Single Optical Fiber Probe. ^^^^^ interrogating hght propagating along 

If the optical fiber 10 of FIG. 2 is made sufBdently long cladding 14. This variation has the advantage that one can 

it can be used to measure temperature at a plurality of points measure simultaneously both the intensity of the core modes 

distributed along its length, by using optical time domain that of the cladding modes, by Rayleigh backscattering 

refiectometry (OTDR) techniques. This is explained with and by fluorescence, respectively. An example of a suitable 

reference to FIG. 3. An opaque coating 26 (for example an 55 device for these measurements is described in the foflowing 

aluminum film) is applied to the face of the two claddings at paragraph, with the aid of FIG. 4. 

the launch end of the fiber, so that the interrogating Ught can Referring to FIG. 4, the light source 20 is driven to 

be launched only through core 12. The interrogating light is generate interrogating Hght pulses of a duration of the order 

launched as a recurrent train of short pulses with a duration of 10 ns and wavelengths , These light pulses are injected 

of the order of a few nanoseconds (ns) or shorter, depending 60 into the fiber segment 30 and, through the optical fiber 

on the spatial resolution desired (approximately 10 ns per coupler 32, into the core of the temperature-sensing fiber. At 

fiber-meter), over an acceptance angle 6 for meridional rays any point along the fiber, each interrogating light pulse 

necessary to fill the numerical aperture (NA)2. In other generates a fluorescence light pulse of an intensity deter- 

words, the interrogating light fills both Ught-guiding regions mined by the fiber temperature at that point, and a reference 

12 and 14. The value of n2 decreases in a known manner 65 light pulse which is the Rayleigh backscatter of the inter- 

with an increase in temperatuire at a much higher rate than rogating light pulse. The intensities of these two pulses 

the decrease in the value of ni, and the intensity distribution captured within the fiber are back-transmitted by the optical 
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fiber to the coupler 32 and, via optical fiber segments 34 and light-guiding layer 42 preferably less than 10 micrometers 

36, to photodetectors 22 and 22A, respectively. The time of thick, made of a material having an index of refraction n^ 

arrival of these two pulses at the photodetectors, relative to with a relatively large negative temperature coefficient of the 

the time of injection of the interrogating light pulses into the order of 10""^ per kclvin or greater, is in optical and mcchani- 
fiber 10, identifies the location of the temperature sensing 5 cal contact with a transparent second layer 44 having an 

point The relative intensities of these two back-transmitted index of refraction Ua lower than n^, the temperature coef- 

pulses, processed by the microprocessor 38, are an indicator ficient of being lower than that of n^. A white light- 

of the fiber temperature at the sensing point. scattering coating 46 is applied to the outside of layer 44. On 

its other surface layer 42 is in contact with a thin transparent 

1.3 A Differential Fiber Optic Thermometer layer 48 having an index of refraction lower than a^y and 

One preferred embodiment of the differential fiber optic ^^a^i^ig ^ ^'"^ ^ ^ '"^^'^^ absorbing coating 50 applied 

thermometer is described with reference to FIG. 5. Hie on it. A visible or near infrared hght beam of waveleti^^^ 

probe is a multimode optical fiber lOA having a glass core ^ co^P^^'^ hght-guiding layer 42 by means of pnsm 52, 

12A with an index of refraction n„ and a clear elastomeric ^^""^ a manner as to couple mto layer 42 all the light 

plastic cladding 14A with a thickness not greater than about modes which the light-guiding layer can support. The beam 

5 micrometers and an index of refraction n^ lower than n, propagates along the layer 42 by total mteraal reflecUon 

and which decreases with increasing temperature at a much ^^y^^ and 48, and with a number of angular modes 

higher rate than any change of the value of o,. Around this ^^ich is a posiUve function of the magmtude of the numen- 

cladding there is a second cladding 16Ahaving a fluorescent ^P^^^urc (NA) of the film probe, given by the relation 

dye dissolved therein and an index of refraction n3 not lower (NA);,Kn -n/) ^. When infrared radiaUon is absorbed by 

than n,. A short segment of this fiber exposed to the ^0 at any point along the film probe, the probe 

temperature to be measured has a black coating 16B on temperature increases at that point, and the magnitude of 

cladding 16A, to 'strip' the fluorescence cladding modes. (N^)^ decreases. This causes a fraction of the mtensity of 

Outside this segment, the fluorescent cladding 16A is cov- ^he visible or near infrared hght propagatmg along layer 42 
cred with a transparent outer cladding 17 having an index of ^ f » [hat pomt to be deflected out of this layer. The deflected 

refraction n4 lower than o^. Within the segment of the fiber ^P"^ is directed to a photodetector, generating an electncal 

exposed to the temperature to be measured there is a bend signal therein, the magnitude of which is an indicator of the 

designed to make the interrogating Ught launched by light ^itensity of the infrared light incident on and absorbed by the 

source 20 fill the numerical aperture (NA);i of the fiber core. S^^^- 

Because of the bend on the fiber, a substantial fraction of the In an allemate embodiment, the light-scattering coating 

intensity of the interrogating Hght launched into the fiber 46 may be replaced by a fluorescent coating which absorbs 

core is deflected to the fluorescent cladding, where it gen- the light deflected from the film and converts it into lumi- 
erates fluorescence light with an intensity proportional to the - nesccnce light including wavelengths X^. 

intensity of the deflected fraction. The black coating 16B ^ ^ a t r j t ^ 

'strips' (removes) this fluorescence Hght from the fiber. ^ ^ ^ ^""^'^'^^ ^"^^6^ Converter 

Now, if the temperature of the exposed segment increases to xhe infrared image of a wann or hot object is essentially 

Tj relative to the fiber temperature Tp just outside the the spatial temperature distribution of that object. Therefore, 

segment in the direction of propagation of the interrogating the physical principles described in the preceding para- 

Hght, the fraction of the intensity of the interrogating light graphs can be applied to convert infrared images into visible 

deflected into the fluorescent cladding within said segment images. One obvious way is to use scanning mirrors for 

decreases as the numerical aperture of the fiber increases sequentially focusing each resolvable element of the infrared 

from (NA)io to (NA),^. Thus, the intensity of the interro- image into the infrared sensing light guide used as a point 

gating light propagating along the core 12A increases from detector, A more powerful technique uses a two-dimensional 

lo to (lo+AI). But as flie interrogating Hght reaches the region infrared sensing Hght guide in an arrangement described as 

of temperature Tq, the intensity increase AI is lost to the follows, with reference to FIG. 7: 

fluorescent cladding as the numerical aperture of the fiber Referring to FIG. 7, the probe 54 is a two-dimensional 

core decreases to (NA),o from (NA),„ there generating a comprising a layer 56 having an index of refraction n„ 

fluorescence light with an intensity proportional to AI. 'sandwiched' between layers 58 and 60. Ught-guiding layer 

This device is particularly suitable for monitoring exo- 55 differs from Hght guiding layer 42 of FIG. 6. and layers 

thermic chemical reactions, and as such can be used in 58 and 60 differ respectively from layers 44 and 48 of the 

enzymatic biochemical analysis. same figure, only in that they have a greater area, suitable for 

It should be apparent to a person having at least average focusing a thermal image into the fihn probe. Their indices 

competence in the art that an optical fiber probe having a of refraction and the temperature dependence of these indi- 
fiuorescent cladding around a clear core can be used for 55 ces are the same. Layers 58 and 60 are painted black outside 

sensing other physical parameters besides temperature. Any the area into which the infrared image is focused. Layer 58 

physical change which can cause the deflection of interro- is coated with the Ught-scattering coating 62. In operation, 

gating light from the core to a luminescent cladding, or Hght of wavelengths is injected into layer 56 uniformly 

affect the extent of said deflection, is measurable with such from one or, preferably, two or more square sides. The 
probe. go injected Hght has an angular distribution such as to overfill 



2.0 The Sensing of Thermal Infrared Radiation. 



its numerical aperture (NA)sg defined by the relation 



An embodiment of a device for sensing infrared radiation 

is described with reference to FIG. 6 (similar to FIG. 4 in the The light rays having angles smaller than the critical angle 

parent appHcation Ser. No. 711,062, now U.S. Pat. No. 65 9^ for total internal reflection (referenced to the normal to 

5,004,913) which illustrates one of the preferred embodi- the plane of the film) enter layer 58 and are * stripped* by the 

ments of the invention. A thin film probe 40 comprises a black stripes 58A and 60A on layers 58 and 60. The light 
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rays having an angle greater than 0^ propagate inside produced by the absorbed excitation light from level 72 to 

light guide 56 by total internal reflection at the boundaries vibrational sublevel 80, which have fixed energy levels 

between layer (light guide) 56 and layers 58 and 60. The and E^^, respectively, relative to level 40. The length of line 

thermal infrared image to be processed is focused into the 90 corresponds to the photon energy of the optical transition 

film probe 54 by means of the focusing arrangement 64, 5 and, hence, to the specific wavelength Xy of the excitation 

which can be a lens system or a focusing mirror arrangement light. This wavelength obeys the relation 
well known in the art. The focused infrared image increases 

the temperature at all points in the film, generating a K'^K^s-^y) 

two-dimensional temperature distribution, the temperature . . ■ r»i i, . . ^ • i n t^.- 

.... ... ^vu where h as Planck s constant and c is the velocity of bght m 

mcreasc at each point increasmg m a known manner with the lo ™ i ^ i i i 

f *u ■ f A A' r • A i t tu.* t A* a vacuum. The wavelength can excite only molecules 

intensity of the infrared radiation incident at that point. At • -u - i i ^-i j * n * * i 

, . , . *u • -J . • J J- r f' ^ *u occupymg vibronic level 72 and, to a smaller extent, mol- 

each point where the incident infrared radiation raises the i - .- i_- ^ i , r 

temperatureofthefilm,afractionofthemtensityof iheUght ^^^'^ occupymg sl.ghUy higher leveb, the excmUon of 

of wavelengths \ propagating within Ught guide 56 will be represented by the dotted vertical line 91. Lumi- 

deflecled out of the li^tiuide through layer 58 into coating ,5 emission of wave engths ^ occurs from sublevel 

62, from where it is emitted as Ught of wavelengths and !° ""^ vibromc levels of the ground electronic level said 

. , . ... ° *u • 4 ** emission represented by Unes 92, 93, 94 and 95. As shown 

an intensity increasing m a known manner with the intensity . ^ j/i 

of the infrared radiation incident at that point. TTie light of f ' ""'a'i^^ble spectral portion of the emission 

wavelengths X, emitted from all pointe heated by the occurs at photon energies higher (and wavelengths sh^ 

- J . J • • .u • J - * than that of the excitation Ught, and IS commonly referred to 

focused infrared image is then an image corresponding to 20 ^. . , . . 

. c J • c J ^ J- • X c^ as anti-stokes emission, 

the infrared rniage focused on the two-dimensional film. , -i. • . ■ i • ^ i j 

™ . . . * J • . J- 1 u ^ practice the vibromc matenal is often used as a solid 

This image is then converted into a TV-type display by ..^ . , . , * * 

c rrxr r J J solution, glassy or crystalline, which constitutes the tem- 

means of a TV camera. , u ^ ^ *• r w • . • i 

, . r *u u * *• • perature probe. The concentration of the vibromc material 

In a vanation of the above arrangement, coating 62 is j T- . r . i *u j- ^ *u 

, J. a *j j and the dimension of the probe along the direction of the 

replaced by a plastic film having a fluorescent dye dissolved 25 . , v u* u * *u u u u i 

• -m- J - u *u * * L -i_ * 1 * mterrogating light are chosen so that the probe absorbs only 

therein. The dye is chosen so that it absorbs at least part of r • . r i . 

^. . . r *u 1- u* f 1 *u \ A n 4 A e ^ a fraction a or the intensity oi the nearly monochromatic 

the mtensity of the light of wavelengths deflected from . i - . * -.l - *l . . c 

*u 1- u* -J A _* •* ■ 4 fl r U4 f excitation light within the temperature range of operation, 

the light guide 56 and converts it into fluorescence light of .r,^L.,c^. Y 

T 1 j-ix * c 1 4^ J c 4U and transmits the rest. The absorbed fraction obeys the 

wavelengths different from emitted from the fihn relation 

probe. The thermal infrared image is thus converted into a 30 

fluorescence light image, which can be converted into a TV a=i-io~*'' '^^'^^^ (3) 
display by a standard TV camera, 

~ ~ - where _ 
3.0 Temperature Sensing Based on the Direct 

Measurement of Thermally AcUvated Light ^ is the molar decadic absorpUon coefficient of the mol- 

Absorption and Emission Processes. e^ules occupying the vibronic level 72; 

, . . J J . .L- 1 r c„ is the molar concentration of the vibronic material; 

The techniques described in this section make use oi ^ 

thermally activated light absorption by optical probes and d is the probe length in the direction of the incident 

emission of light at wavelengths different from the wave- excitation light; 

length or wavelengths of the interrogating light. A preferred 4g N72 is the number of molecules of the vibronic material 

embodiment uses photoluminescent probes, but does not occupying vibronic level 72; and 

require any photoluminescence property which varies with N is the total number of molecules of the vibronic 

temperature over the temper aliu-e range being measured, and material. 

can be implemented with probes made of virtually any solid The ratio N72/N essentially follows the relation 

or liquid photo-luminescent material. These techniques were 45 

disclosed extensively in the preceding application Ser. No. N-,jN^'^exp{-Ej}a) (4) 

608,932 filed May 14, 1984, now U.S. Pat. No. 4,708,494. ^ . , ^ . . ^ . ^ ^ ^ ^ 

A thorough discussion is found in the specification of said "^^^'^ ^ so-called partition coefficient of the molecular 

patent, from column 6, line 50 to column 11, line 50. Device system, k is the Boltzmann constant and T is the absolute 

embodiments are described in column 15, lines 11-61 and 50 temperature. The expression c,.r^exp(-EykTO is essentiaUy 

FIGS. 1 and 5. A preferred embodiment uses probes oper- ^^e effective molar concentration of the molecules of the 

ated according to the principles described and iUustraled ^i^^^onic material occupying the vibromc level 72, and the 

with reference to HG. 8. The analysis that follows is quantity 10_ is the fraction of the intensity of the 

deliberately oversimplified to emphasize the aspects most mterrogaUng Ught transmitted by the probe (assuming no 

relevant to the invention. The quantitative relationships may 55 '^^^^^ 1°^^^) ^^^^ ^qual to (l-.a). Tlie ratio E^ can be 

not be followed rigorously in all practical systems. designated by the single constant p, for a given wavelength 

FIG. 8 shows an electronic energy level diagram which at . , , .. , . . • 

least qualitatively describes, at the molecular level, most ^* opUcal densities no greater than about 0.02 a is given 

photoluminescent materials. The photoluminescent material approxunately by 

includes, at the atomic or molecular level, luminescence 60 a^i3ecjif^^exp{-EjkT) (5) 
centers having a ground electronic level comprising vibra- 
tional sublevels 70, 71, 72, 73 and other sublcvels which, for An analogous expression to f'^exp(-E^T) is [exp(E^ 
the sake of simplicity, are not shown. These materials are kT)-l]~^, generaUy known as the Bose-Einstein population 
referred herein as "vibronic" materials. The lowest excited factor. As the value of (EJVCV) increases, especially at values 
electronic energy comprises vibrational sublevels 80, 81, 65 greater than 3.0, the Bose-Einstein population factor 
and other vibrational sublevels not shown. The vertical becomes closer in magnitude to the Boltzmann factor exp 
arrowed line 90 represents an optical electronic transition (-E^T). 
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At Optical densities greater than 0.02 the relationship 
between a and the Bollzmann factor cxp{-EJkT) becomes 
less linear, but equations (3) and (4) still hold, and the 
method can be used at high, low or intermediate optical 
densities. 

The luminescence intensity generated by the interro- 
gating light absorbed by the probe obeys the relation 



/yF>/*^(XyAc)a.^ photons.5cc"" 



(6) 10 



where 

is the radiant power, in watts, of the incident interro- 
gating light, and 
4> is the luminescence quantum efficiency of the vibronic 
material. 

Probes made from materials having high ^ values can 
produce large signal-to-noise ratios even with optical den- 
sities lower than 0.01, provided that the optical system has 
at least a moderately high collection efficiency for the probe 
luminescence. Such efi&ciency is easily obtainable with 
state-of-the-art systems. 

The sum of the light intensity absorbed and the hght 
intensity transmitted by a clear medium is constant. 
Therefore, as the magnitude of the absorbed fraction a 
increases with increasing temperature according to equation 
(5), the intensity of the transmitted light must decrease 
accordingly. Since according to equation (6) the lumines- 
cence light intensity is proportional to a, it follows that the 
ratio of the intensity of the luminescence light to that of the 
transmitted light increases with increasing temperature, and 
this ratio can be used as a temperature indicator. The ratio is 
unaffected or minimally affected by fluctuations of the 
intensity of the interrogating light or by fiber and/or con- 
nector losses. 

The temperature coefficient of the luminescence intensity 
follows approximately the relation 



20 



25 



35 



(l//J(rf7d7)=£/i:J^-P/7^ 



(7) 



where is the luminescence intensity at a chosen reference 
temperature. For example, a material with an energy of 
1200 cm~^ has a coefficient of about two percent per kelvin 
at an ambient temperature of 295K. 

Equations (5) to (6) show that the method of the preceding 
paragraphs requires only a temperature-dependent change in 
the optical absorption coefficient of the photoluminescent 
probe material at wavelengths corresponding to photon 
energies lower than the energy E^ of the excited emissive 
level. This property is shared by virtually all solid and liquid 
photoluminescent materials. The method does not require 
any temperature-dependent changes in the luminescence 
quantum efficiency, spectral distribution or decay time. 
Therefore, and in contrast to all other prior art methods, it 
can be implemented with most efficient photoluminescent 
materials. 

Experimental tests of equations (5) to (7) have been 
carried out, and the behavior predicted by the equations was 
verified. FIG, 9 shows actual normalized fluorescence inten- 
sity as a function of the inverse absolute temperature of a 
dimethyl sulfoxide (DMSO) solution of the dye represented 
by the formula 



45 



50 



55 



65 




-(S03Na2)3 



illuminated by a light beam from a helium-neon laser. The 
dye concentration was approximately 10"* Molar, with a 
path length of 1 cm. The fluorescence intensity was moni- 
tored at wavelengths of 610±2 nanometers (nm), shorter 
than the laser beam wavelength of 632.8 nm. The superiority 
of this method of temperature measurement compared to 
that based on light transmission measurements becomes 
evident from the fact that over the temperature interval from 
about 300K (2T C) to about 400K (127*' C.) the light 
transmission of the dye solution varies by less than two 
percent, while the intensity ratio of fluorescence light to 
transmitted light varies by about an order of magnitude. 

In the simplest embodiment of the method for temperature 
measurement according to this section, one only has to 
30 interrogate the luminescent probe material with light of a 
wavelength or wavelengths at which the probe material has 
a temperature-dependent absorption coefficient, and mea- 
sure the intensity of the luminescence generated by the 
absorbed interrogating light. While the probe in the example 
of FIG, 9 is a liquid solution, solid probes, preferably in the 
form of optical fibers or inorganic crystalline materials, can 
also be used and are preferred in practical devices. As known 
to those of ordinary skiU in the art, most inorganic photo- 
luminescent materials wherein the luminescence centers are 
definite, stabe atomic or molecular entities like transition 
metal ions and rare earth ions in a stable oxidation state, 
have luminescence properties which are unique and repeat- 
able for each temperature within a temperature range typical 
for a specific material. 

The above method can be implemented with any photo- 
luminescent probe material having at least one energy level 
which can be thermaUy populated from the ground level to 
an extent that varies as a function of temperature. Such 
thermaUy populated level does not have to be a vibrational 
level or sublevel. It can be, for example, an electronic 
sub level of the ground electronic level of a rare earth ion like 
Nd^. In this case, if the probe is interrogated with light of 
wavelengths of about 950 nm or other suitable wavelengths, 
the absorbed fraction aP^ of the interrogating light intensity, 
and hence the Nd^"^ luminescence intensity, increase with 
increasing temperature. 

If the probe material is a glass or an optically homoge- 
neous plastic, it can be made into an optical fiber. 

An optical fiber temperature probe based on the measure- 
60 ment of a temperature-dependent light absorption measure- 
ment has an advantage over other optical probes in that it 
measures the average temperature over the length of the 
fiber probe. Thus, if one wishes to measure the average 
temperature over, for example, a pipe having different 
temperatures along its length, a long fiber temperature probe 
disposed over the whole length of the pipe will measure its 
average temperature. A preferred embodiment uses a pho- 
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toluminescent probe with a temperacure-depeodeDt light verter. It was shown in section 3.0 that the absorption of light 

absorption, the luminescence intensity of which follows of photon energy lower than the eneigy of a luminescent 

approximately equation (6). Glass fibers doped with Nd^*, level of a material is strongly temperature-dependent. This 

UOj^*, Mn^'^ or any other photolumincscent ion are suitable. fact can be used as a basis for constructing sensitive 

Also suitable, especially at temperatures not much higher 5 infrared-to-visible image converters, especially at liquid 

than about 150° C, are plastic fibers doped with any beliimi temperatures. A probe which absorbs infrared radia- 

plastic-soluble, stable fluorescent dye. lion undergoes a temperature increase AT. Referring to FIG. 

8 and equation (7) of section 3.0, it can be noticed that for 

3.1 Fiber optic temperature sensors covering the any value of (E^T^ the temperature coefiBcient of the 

temperature range from the lower cryogenic regions jo luminescence intensity If increases as the initial absolute 

up to over 800° C, using a single probe. temperature decreases. The relative increase AI^ in the 

__ . J .■ /cv j/-t\ .u . luminescence intensity followrs the relation 

FIG. 8 and equations (5) and (7) suggest how one may use ' 

a single probe for measuring temperatures over a very wide 

range from the lower cryogenic regions up to over 800° C, A/y/„-p^«^AT (8) 
using a single probe with a high luminescence eCGciency at 

these high temperatures, for example Nd^-doped yttrium or 
aluminum garnet (Nd:YAG). One may choose the value of 

for each part of the range simply by choosing the u/i.-^jkT^ip/c:) (9) 

wavelength).,, of the excitation source. Equation (7) sug- ^^^^^ ^ ^ ^^^^ ^^^^^ .^^^^^^ 

gests the E„ values one may choose for any temperature ^^^^^^^^ ^ ^ ^^J^^ ^ ^^^^ 

range. Suppose than one requires a temperature coefficient ^.^^ ^^^^ essentially all materials is orders of 

of the signal of 0.01 or greater At ordinary temperatures one ^^^^^ ^^^n^ 34 Uquid helium temperatures than at 

may then use excilauon wavelengths of about 950 nm &om temperatures. Tlius, if the probe is made thin to 

an inexpensive LED. corresponding to an E. value of abou ^^^^^^ ^^^^^ ^ ^^^^ ^^^^^ 

750 cm-' and a signal temperature coefficient of about ^^^^^^^ ^^^^^^^ .^^^ ^ substantial increase of the 

0.012. For measuring cryogemc temperatures one can use a ^^^^ fluorescence light emitted by the probe, 

temperature-tunable diode laser emitting from about 807 nm ^^^j^^^ ^ photoluminescent probe in the form of a 

to about 820 nm. spamiing a range of selectable E values two-dimensional flhn of low theraial mass, on which a 

from about 10 to about 200 cm usable fromabout 4.2K to .^^^^^^ . ^^^^^ g^^^ . ^j^^^^, 

'^^^^^I^' teraperahires higher than 600K one may use ^^^^ ^^^^^^ ^„ ^^^^^ ^ photoluminescent image 

a Nd-doped laser an.06/im, corresponding to an E„ value element of a size determined by the infrared wavelength and 

iLt?)^ ^'^w • ^- '"f"''"*^^^''" efficiency of characteristics of the focusing system. Each 

Nd:YAG at the above high temperatures was reported by i^^g^ .ko^ent also represents a discrete 
^^^P'°'^/^"*S'' y^': 134, PP 291-294 3j femperature sensor wherein a temperature change generated 

(1987). Grattan et al used the probe in the prior art con- {^^ ^^.^^^^ ^^^^^^ ^^^^^j^^ ^^^^ ^ 

venlional method based on the measurement of the ^ itude of the fracUon a of the intensity of the interro- 

temperature-dependent luminescence decay time x. TTie wavelengths K which is absorbed by the 

method has a very low sensitivity as the relative change in J^j^n,^ generating luminescence Ught of intensities 

T per kelvin IS only of the order of 0 0001 T. m contrast o ^^j^^ according to equations (7). (8) and (9). 

relative changes two orders of magnitude greater obtainable therefore, the thermal infrared image focused on the film 

with the techmques of this mvenUon as discussed in section ^„ ^^^^^^^^ j^jq , photoluminescence image having a 

3.0. Used according to the teachings of this invenUon, ^^.^i^ensional lumine^ence intensity distribution corre- 

temperature probes based on Nd:YAG and other probes ^^^^ two-dimensional intensity distribution of the 

having a high luminescence efl&ciency at high temperatures infrared ima e 

have the additional and obvious advantage that at the higher a preS embodiment of an infrared image converter 

temperature range of their operaUon in the I^mmescence invention uses a film simUar to that 

mode they emit the strongly tempera ure- dependent black ^^^^^ ^^^^ 5^ ^^^^^^ 

body radiation of wavelengths within the range of operation ^^^^^ ^ photoluminescent material as described in section 

of the same ordinary silicon photodetecu>rs used for mea- ^ ^ interrogating Ught has wavelengths K as 

sunng the photoluminescence of the probe. If one uses for ^^^^^ ^ ^^.^^ 5g ^^^^ 

example, the same Nd: YAG probe mentioned above at the ^^^^ ^^^^^^^^ substantially lower than the index n, of 

end of a heat-resistant fiber made of sapphire, the intensity , , ^« ^i^J^ «f ^uoo oc 

^ i_i 1 L J J* 1 *u f in layer 56, and could be comprised or more anic glass as well 

of the black body radiauon a the wavelengUi of, say. .O/em. '.^ material. As shown in section 3.0 and FIG. 

will be an aerate temperature indicator from about 800K g luminescence light emitted by the photoluminescent 

to about 1.900 C. One can thus measure temperature ^ • i • i j i l * c *i_ 

auuui L.yyjKj v.. ^ . enno^r^ matenal may mclude wavelengths shorter from the wave- 
anywhere from near absolute zero to well over 1500" C. with leacths K of the interroeatine licht 

a single probe and a single photodetector. The above refer- u *u • * ,1 « »a iu^ 

J ^ L . , ^ n J- ui 1 Although the invention described in this section and the 

enced paper by Graltan et al. actually discusses the black ^„„JL^^ •„ n 1 k^tK ,,0^ fii™ 

. J ... J. xTj^7*o ^ conrw one described m section 2.1 both use a nlm tor converting 

body radiation emitted by Nd:YAG at temperaUires of 800K ^ ^^^^ .^^^^^^ wavelengths 

(527 C.) and higher, overlappmg the photoluminescence ^^^^^^ ^^^^^ .^^^^^^ ^^^.^^.^^ 

trom me same material. inventions are fundamentally different in that the underlying 

3.2 An infrared Image Converter Based on P^y^!"*" fvoc^ss^ are very different, and neither of them 

niermally Activated Light Absorption. f i'T'"^ ? ' TJT '° 

65 2.1 the physical process is the deflection of mterrogatmg 

The teachings of this invention can be applied to the light injected into the fihn from one layer of the film to 

construction of a sensitive infrared-to-visible image con- another layer, the deflection being caused by temperature- 



06/24/2004, EAST Version: 1.4.1 



5,820,265 



15 



16 



dependcQt changes in the relative values of the indices of 
refraction of these two layers caused by the heating effect of 
the incident infrared radiation. This deflection of light does 
not involve any light absorption. To the extent that the 
deflected light in converted into luminescence light in the 5 
alternate embodiment using a fluorescent dye, this conver- 
sion occurs after the thermal effect of the infrared image on 
the film, that is, after the light deflection, and does not 
involve any temperature-dependent change of the magnitude 
of the absorbed fraction a of the intensity of the interrogat- 
ing light of wavelengths X^. In the invention described in this 
section, by contrast, the thermal effect of the infrared image 
on the fihia is the increase of the absorption coefl5cient, and 
hence of the magnitude of said fraction a, of the intensity of 
the interrogating light of wavelengths which is absorbed ^5 
by the photoluminescent material dissolved in a layer of the 
film, independent or only minimally dependent on any 
changes in the index of refraction of said layer. There is no 
appreciable deflection of the intensity of the interrogating 
fight from one layer of the film to another. 

Since certain changes may be made in the foregoing 
specification without departing from the scope of the inven- 
tion herein disclosed, it is intended that all matter contained 
in the above description and/or depicted in the accompany- 
ing drawings be construed in an Ulustrative and not in a 
Hmiting sense. 

I claim: 

1. An arrangement for sensing a temperature rise at a 
multipficity of sensing points simultaneously on a two- 
dimensional film light guide, comprising: 

(a) a two-dimensional film light guide including a first 
layer comprised of a clear material having an index of 
refraction n^ in contact with a second layer comprised 
of a material with an index of refraction n^^ lower than 
nj, wherein the temperature coefficient of Uj is sub- 
stantially greater than the temperature coefficient of 
and decreases with an increase of temperature; 

(b) light source means for injecting light of visible or near 
infrared wavelengths into at least one edge of said 
first layer of said tight guide, a fraction of the intensity 40 
of said light being deflected into said second layer 
under said temperature rise at each of said sensing 
points, the intensity of said deflected light being a 
function of the magnitude of the temperature rise at 
said point; and 

(c) photodetection means for sensing the intensity of said 
light of wavelengths which is deflected into said 
second layer simultaneously from each and all said 
sensing points, said intensity being an indicator of the 
magnitude of the temperature rise at that point. 

2. An arrangement as claimed in claim 1 and adapted to 
sense infrared radiation incident on said film light guide, 
wherein said film light guide is provided with an infi"ared- 
absorbing material and said temperature rise at each of said 
sensing points is caused by the absorption of said infrared 55 
radiation by said infrared-absorbing material, the magnitude 

of the temperature rise at that sensing point being an 
indicator of the intensity of the infrared radiation incident on 
that point. 

3. An arrangement as claimed in claim 2 wherein said <iO 
second layer has applied thereto a third layer having dis- 
solved therein a photoluminescent material characterized by 
absorbing at least a fraction of the intensity of said light of 
wavelengths which is deflected into said second layer at 
each sensing point and by emitting photo luminescence 65 
radiation of wavelengths ?4 the intensity of which is an 
indicator of the temperature rise and, hence, of the intensity 
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of the infrared radiation absorbed by said infrared- absorbing 
material at each sensing point, 

4. An arrangement as claimed in claim 3 and adapted to 
convert an infrared image into a visible or near infrared 
image of wavelengths X2, wherein said photodetection 
means is a photoelectronic imaging device, the arrangement 
additionally comprising: 

(a) optical means for focusing the infrared image into said 
film light guide, thereby generating a luminescence 
light image of wavelengths having a two- 
dimensional intensity distribution indicative of the two- 
dimensional intensity distribution of the thermal infra- 
red image focused on said film light guide; and 

(b) optical means for focusing said luminescence Ught 
image of wavelengths X2 on said photoelectronic imag- 
ing device. 

5. An arrangement as claimed in claim 2 wherein said film 
light guide additionally includes a tight-scattering layer for 
scattering out of the plane of said film Ught guide said light 
of wavelengths X^ deflected out of said Ught-scattering layer. 

6. An arrangement as claimed in claim 5 and adapted to 
convert an infrared image into a visible or near infrared 
image of wavelengths X^, wherein said photodetection 
means is a photoelectronic imaging device, the arrangement 
additionally comprising: 

(a) optical means for focusing the infrared image into said 
film light guide, thereby generating a visible Ught 
image of wavelengths Xj having a two-dimensional 
intensity distribution indicative of the two-dimensional 
intensity distribution of the thermal infrared image 
focused on said film tight guide; and 

(b) optical means for focusing said luminescence light 
image of wavelengths X^ on said photoelectronic imag- 
ing device. 

7. A method for sensing a temperature rise at a multiplic- 
ity of sensing points simultaneously on a two-dimensional 
fihn Ught guide, comprising the steps of: 

(a) providing said two-dimensional film Ught guide 
including a first layer comprised of a clear material 
having an index of refraction n^ in contact with a 
second layer comprised of a material with an mdex of 
refraction lower than n^, wherein the temperature 
coefficient of n^ is substantially greater than the tem- 
perature coefficient of n2 and decreases with an 
increase of temperature; 

(b) injecting light of visible or near infrared wavelengths 
Xj into at least one edge of said first layer of said light 
guide, a fraction of the intensity of said Ught being 
deflected into said second layer under said temperature 
rise at each of said sensing points, the intensity of said 
deflected light being a function of the magnitude of the 
temperature rise at that point; and 

(c) sensing, with photodetection means, the intensity of 
said Ught of wavelengths X^ which is deflected into said 
second layer simuUaneously from each and all said 
sensing points, said intensity being an indicator of the 
magnUude of the temperanire rise at that point. 

8. A method as claimed in claim 7 and adapted to sense 
infrared radtiation incident on said film tight guide, wherein 
said film light gxtide is provided with an infrared- absorbing 
material and said temperature rise at each of said sensing 
points is caused by the absorption of said infrared radiation 
by said infrared-absorbing material, the magnitude of the 
temperature rise at that sensing point being an indicator of 
the intensity of the infrared radiation incident on that point. 

9. A method as claimed in claim 8 wherein said second 
layer has applied thereto a third layer having dissolved 
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therein a photoluminesceDt material characterized by 
absorbing at least a fraction of the intensity of said light of 
wavelengths X j which is deflected into said second layer and 
by emitting photolumincscence radiation of wavelengths 
the intensity of which is an indicator of the temperature rise 
and, hence, of the intensity of the infrared radiation absorbed 
by said infrared-absorbing material. 

10. A method as claimed in claim 9 and adapted to convert 
an infrared image into a visible or near infrared image of 
wavelengths Kj, additionally comprising the steps of: 

(a) focusing the infrared image into said film light guide, 
thereby generating a luminescence light image of 
wavelengths having a two-dimensional intensity 
distribution indicative of the two-dimensional intensity 
distribution of the thermal infrared image fociised on 
said film light guide; and 

(b) focusing said luminescence light image into photo- 
electronic imaging means for processing said lumines- 
cence light image into a visible display. 
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U. A method as claimed in claim 8 wherein said film light 
guide additionally includes a light-scattering layer for scat- 
tering out of the plane of said film light guide said light of 
wavelengths deflected out of said light -scattering layer. 

12. A method as claimed in claim U and adapted to 
convert an infrared image into a visible or near infrared 
image of wavelengths Xj, additionaUy comprising the steps 
of: 

(a) focusing the infrared image into said film light guide, 
thereby generating a light image of wavelengths 
having a two-dimensional intensity distribution indica- 
tive of the two-dimensional intensity distribution of the 
infrared image focused on said film light guide; and 

(b) focusing said light image of wavelengths X^ into 
photo -electronic imaging means for processing said 
luminescence light image into a visible display. 



06/24/2004. EAST Version: 1.4.1 



